The present work investigates the adhesive properties and morphology of diglycidyl ether of bisphenol A nanocomposites modified with reactive butadiene acrylonitrile copolymers having different amine equivalent weight. Tensile adhesive strength and shear adhesive strength of epoxy resin were significantly increased due to reactive rubbers and nanoparticles (ZW1) incorporation to the epoxy matrix. Hybrid composites based on 1 wt% ZW1 and 10 wt% ATBN-16, 1 wt% ZW1 and 15 wt% ATBN-21 exhibited maximum adhesive strength in comparison with neat epoxy resin as well as epoxy nanocomposite containing 1% ZW1. Tensile adhesive strength of hybrid composites containing 1% ZW1 and 10% ATBN-16 as well as 1% ZW1 and 15% ATBN-21 was maximally enhanced. The fracture surfaces of epoxy hybrid composites showed significant plastic yielding together with delaminated and stratified structures, explaining thus the increase of the adhesive strength of tested composites. This finding was confirmed by FTIR spectra in terms of chemical reactions occurrence between the reactive rubbers and epoxy matrix.
Introduction
Epoxy resins (ERs) are widely used as matrices for composites, adhesive to metals and other engineering materials mainly because of their desirable properties, such as excellent chemical resistance, good creep resistance and good electrical insulating properties. However, cured ERs exhibit low impact strength, small strain at break and poor resistance to crack propagation and low thermal resistance, which seriously limit their field of applications [1] [2] [3] .
In recent years, several research groups have focused their effort towards the preparation and properties evaluation of epoxy nanocompsites with improved mechanical and thermal properties [4] [5] [6] [7] [8] . The incorporation of nanofillers/nano-reinforcements into thermosets such as ERs has attracted considerable interest during the last few decades. Furthermore, the addition of nanoparticles in the epoxy-based adhesives has primary intention in improving its strength and toughness. However, the presence of the nanofillers is expected to affect the curing characteristics of the adhesive which can lead to an increase or decrease of the ultimate mechanical and adhesive properties.
Several studies were carried out on the effect of nanoparticles on the structure, morphology and adhesion strength of ER [9] [10] [11] [12] [13] [14] . Khalili et al. [9] investigated the adhesive properties of an ER Araldite LY 5052 filled with nanoclays under static tensile as well as impact conditions. Their results revealed that the epoxy joints containing 1 wt% nanoclay particles exhibited maximum tensile adhesive strength (TAS). However, the highest values of Charpy impact adhesive energy were obtained with the epoxy joints filled with 3 wt% nanoclay particles. However, the mechanical and adhesive properties of an ER cured with different aliphatic amines were evaluated by González Garcia et al. [10] . They evaluated the adhesive strength of epoxy systems by using steel-steel joints and single-lap shear, T-peel as well impact adhesive joints geometries. The best peel strength and impact adhesive energy were obtained with highly flexible epoxy composites based on aminoethyl piperazine. Brantseva and his research group studied the rheological and adhesive properties of epoxy modified with natural and organomodified nanoclays [11] . Their results confirmed that the sonication of nanocomposites with natural clay led to poorly dispersed structure. However, the shear adhesion strength of the cured ER modified with 2 wt% of organomodified nanoclay (Cloisite 30B) increased maximally by approximately 65% in relation with pristine matrix sample. The sonication influence on the shear adhesion strength of the system with 2 wt% of any clay is very small. Ultrasound stirring of the systems with 5 wt% of clay results in higher values of adhesion for organo-modified montmorillonite (MMT). However, Meguid and Sun [12] studied the tensile debonding and shear properties of ER modified by two different nanofillers, carbon nanotubes and alumina nanopowder. Their results have shown that the addition of nanofillers led to improvement of debonding and shear characteristics of the epoxy matrix. It was also revealed that the adhesive strength decreased at higher weight fraction of the nanofillers. SEM and TEM analyses confirmed the proposed strengthening mechanisms. Ling et al. [13] used nano-sized Al 2 O 3 to improve the adhesion strength of epoxy adhesive. They estimated the adhesion strength as a function of nano-Al 2 O 3 amount and interface roughness. It was indicated that the highest adhesive strength was obtained with 2 wt% nano-Al 2 O 3 in epoxy composition, due most probably to fine dispersion of nanoparticles within this latter. Furthermore, X-ray photoelectron spectroscopy data confirmed the formation of carboxyl group at the interface between the steel and nano-Al 2 O 3 modified epoxy matrix. Nano-sized elastomeric copolymer were added at different contents to improve the toughness and adhesion properties of diglycidyl ether of bisphenol A ER using piperidine as a curing agent [14] . The result showed that the adhesion strength was increased significantly by incorporated polymeric nanoparticles as compared with that of pure epoxy adhesive. The highest adhesion strength was obtained with 20 wt% elastomeric nanoparticles.
Different silane modified MMT were used at improving their interfacial adhesion with epoxy matrix [15] [16] [17] . The results obtained by Park et al. [15] confirmed that the surface modification led to an improvement of the specific component of the surface free energy of the MMT. Moreover, the critical stress intensity factor and interlaminar shear stress values of all treated MMT/epoxy composites were enhanced. However, Piscitelli et al. [16] used two different aminosilanes to modify sodium montmorillonite (Na-MMT) and prepare epoxy nanocomposites. Obtained results showed no occurrence of MMT exfoliation and that basal spacing of the modified Na-MMT increased with the aminosilanes organic chain length. Moreover, the tensile modulus and toughness of epoxy nanocomposites based on silylated MMT were improved significantly in comparison with both pristine epoxy and composites with untreated nanoclay. The properties improvement was attributed to the chemical interaction between the amine groups of grafted silane on MMT nanoparticles and the reactive groups of the epoxy matrix. In a separate study, Choi et al. [17] compared the effect of three different MMT on the properties of epoxy. They confirmed that the tensile strength and elongation at break of epoxy nanocomposite were improved significantly by the 3-aminopropyltriethoxysilane functionalized MMT, due to specific interaction between the matrix and nanoclay.
The improvement of adhesive properties of ER using reactive liquid rubbers has been the subject of intense research worldwide [18] [19] [20] . Soares et al. [18] modified ER with different functionalized liquid polybutadiene aiming at improving its adhesive properties. They found that the most effective modifier was isocyanate terminated polybutadiene, which showed stronger interactions with polymer matrix and better particles dispersion. However, Fellahi et al. [19] showed that the tensile shear strength of ER modified with 5 phr ATBN (amine terminated butadiene-acrylonitrile copolymer) increased maximally by approximately 75% in comparison with neat samples. However, Ratna and Banthia [20] investigated the effect of acrylate based liquid rubber on the adhesive properties of ER. Optimum properties were reached with 10-15 phr of modifier due most probably to the occurrence of twophase microstructures.
The purpose of the present study was to demonstrate the effect of differently modified nanoparticles on the tensile and shear adhesion strength of an ER modified with liquid reactive rubbers (ATBN). The use of a combination of solid and liquid modifiers with reactive groups was motivated by the possible occurrence of synergism between the modifiers on the adhesive properties of ER.
Materials and methods

Materials
The following ingredients were used in the present work: (iii) Nanobent ZW1 is a natural nanoclay modified with a quaternary ammonium salt of 3-dimethyloaminopropylamine fatty acid with cation exchange capacity of 85 mequiv./100 g. The nanoclay was obtained from ZGM Company (Zębiec near Starachowice, Poland).
Preparation of epoxy compositions containing nanoparticles or liquid rubber
First, a 15% dispersion of organo-modified nanoclay (Nanobent) was prepared in dichloromethane according to the method described earlier [21] . The epoxy/ Nanobent composites were prepared using 1, 2 and 3 wt% of Nanobent by means of ultrasonic stirrer for 15 min with an amplitude of 80%. Then, a stoichiometric amount of hardener (35 phr) was added, and the mixing continued for 5 min. Different amounts of reactive rubber (5 wt%, 10 wt% and 15 wt%) were mixed mechanically with adequate amount of ER for 5 min at 9500 r/min and then stirred by means of ultrasonic stirrer for 5 min. The obtained mixtures were then placed in an oven under vacuum for 1 h to remove air bubbles and remaining solvent. Then, a stoichiometric amount of hardener was added followed by 5 min mechanical mixing.
Epoxy resin composition without modifiers was also prepared for comparison purposes.
All prepared samples were submitted to room temperature curing for 48 h and post-curing for 3 h at 80°C.
Preparation of epoxy hybrid compositions
Different amounts of reactive rubbers (ATBN 1300 × 16 and ATBN 1300 × 21) were mixed mechanically with ER during 5 min at 9500 rpm and then ultrasonically stirred for a further 5 min, cycle 1 and amplitude 100%. Afterwards, different amounts of the dispersion of organoclay in dichloromethane were added to the epoxy systems containing ATBN. As previously described, air bubbles were removed by leaving the systems under vacuum in an oven at room temperature for 1 h. Then, a stoichiometric amount of hardener (35 phr) was added, and mixing continued for 5 min. In details we prepared systems containing alongside with the ATBN rubbers also 1 and 2 wt% of organo-modified clay. All the samples were cured at room temperature curing for 48 h and post-cured for 3 h at 80°C.
Evaluation of composites adhesive properties
The TAS was evaluated at room temperature using Instron apparatus 5566 with a deformation rate of 5 mm/min and according to Polish standard PN-69/C-89301 and ISO 6922. A fixed amount of adhesive was spread between two metallic cylinders having surface area of 1 cm 2 . The shear strength test was carried out at room temperature using an Instron apparatus 5566 with a deformation rate of 5 mm/min according to Polish standard PN-EN 1465-(2009) and ISO 4587(2003). The adhesive was inserted between two metallic plates having 10 cm in length and 2 cm in width. Five samples were used for each composition.
All metallic surfaces were cleaned, abraded and then degreased with acetone prior to adhesion testing.
Structure and morphology analyses
Fourier transform infrared spectroscopy (FTIR) was performed on an IRT C JASCO spectrometer recording the IR spectra from 450 cm −1 to 4000 cm −1
. Samples were analyzed using attenuated total reflectance-FTIR spectroscopy.
Scanning electron microscope (Hitachi S-2460 N) was employed to examine the fracture surfaces of specimens obtained from the impact tests. Table 1 shows the mechanical properties of ER as a function of Nanobent ZW1 and reactive rubber (ATBN-16 and ATBN-21) content. It can be noted that all tested compositions showed improved adhesive properties in comparison with unmodified epoxy matrix. A significant increase in the TAS and shear adhesive strength (SAS) were obtained due to reactive rubber incorporation. All modified epoxy compositions showed increased adhesive strength and adhesive toughness in comparison with virgin epoxy based samples. Maximum TAS enhancement of about eight-fold was obtained with composition based on 15 wt% ATBN-16, while SAS was maximally improved by about 220% in relation to neat epoxy samples with 15 wt% ATBN-21. The adhesive energies (under tensile and shear modes) were also drastically increased in comparison with neat epoxy samples. The addition of 10 wt% ATBN-16 resulted in maximum increase of shear adhesive energy (increase from 0.7 kJ/m 2 to 10.7 kJ/m 2 ). However, the tensile adhesive energy increased from 0.4 kJ/m 2 to 36.9 kJ/m 2 . The improvement of adhesive energy might be associated with elasticity increase of tested compositions as well as the highest values of adhesive strength.
Results and discussion
However, in case of nanobent, SAS and TAS values of epoxy composition modified with 1% nanofiller were maximally enhanced by approximately 115% and 290%, respectively, as compared to unmodified ER. However, energy values were also maximally increased due to nanoparticles incorporation. Maximum increase in adhesive energy values was observed with nanocomposites based on 1 wt% Nanobent ZW1. The improvement of adhesive properties of ER might be due to intercalation/exfoliation processes as already reported in literature. Maximum TAS was already reported in literature [9] as exhibited by epoxy composite containing 1 wt% nanoclay.
The decrease of adhesive properties might be connected with the reduction of cross-linking degree of the epoxy matrix resulting from the significant viscosity increase induced by the presence of nanoparticles within polymer composites.
The SAS of ER modified with 1 wt% ZW1 and 2 wt% ZW1 and different amount of reactive rubber (ATBN) is shown in Figures 1 and 2 , respectively. It is worth noting that all tested hybrid composites exhibited higher shear strength relatively to the unmodified epoxy matrix. As shown in Figure 1 , hybrid composites based on 1 wt% ZW1 and 10 wt% ATBN-16, 1 wt% ZW1 and 15 wt% ATBN-21 exhibited maximum adhesive strength in comparison with neat ER as well as epoxy nanocomposite containing 1 wt% ZW1. However, for hybrid composites based on 2 wt% ZW1 (Figure 2 of reactive rubber. Maximum shear strength enhancement was more than 230% in relation to neat epoxy samples and 75% in comparison with epoxy composite modified with 2 wt% ZW1. Synergistic effect could not be reached due to the higher values of epoxy/rubbers blends properties. Indeed, one can expect that the liquid reactive rubber plasticizes the polymer matrix leading to better penetration of liquid modifier and matrix between nanoclay platelets and, consequently, improvement of the adhesion properties of polymer matrix. It was already reported by Ratna that the adhesive strength of ER can be enhanced by chemical plasticization effect of the polymer matrix [22] .
TAS of ER hybrid compositions based on both reactive rubbers and nanoparticles is depicted in Table 2 . The composition designated 0/0 does not contain modifiers. It is seen that hybrid compositions based on 2 wt% ZW1 showed the highest TAS in relation to compositions containing 2 wt% ZW1. Moreover, it can be observed that maximum TAS (about four-fold increase in relation with virgin epoxy composition and about 40% in comparison with epoxy nanocomposite containing 1 wt% ZW1) was shown by the hybrid composite containing 1 wt% ZW1 and 10 wt% ATBN-16. Nevertheless, no synergistic effect was observed for this hybrid composite. The very high TAS value might be associated with high strength of epoxy composite modified with ATBN-16.
FTIR spectra are shown to demonstrate the eventual occurrence of chemical reaction between the epoxy matrix, liquid modifier (ATBN) and solid nanoparticles (Nanobent ZW1). FTIR spectra of pristine ER and ER modified with nanoclays and reactive rubbers are depicted in Figure 3 with the identification of specific characteristic absorption peaks. The characteristic peaks connected with functional groups of ER are observed at 3360 cm −1 for hydroxyl and amine groups and at 930 cm −1 for C-O stretching of oxirane group. The peaks appearing within the wavelength range 1000-1600 cm −1 are generally ascribed to aromatic rings, while the peaks at 2970 cm −1 are attributed to CH stretching. However, it is worth mentioning that the intensity of the peak associated with epoxy groups does not change upon simultaneous addition of nanoparticles and reactive modifier. However, the series of peaks within the wavelength 1650-1500 cm −1 are related to N-H (primary amines) deformation, while the secondary amines peaks are depicted at 1580-1490 cm ) height increased by approximately 20% when adding 1 wt% ZW1 and 10 wt% ATBN-21 to ER in relation to pristine epoxy matrix. However, it should be pointed out that no changes were observed with ATBN-16.
As shown in Figure 3 , the addition of ATBN-16 to ER modified with 1 wt% of nanoclay particles resulted in the decrease of hydroxyl and amine peak height by approximately 10% in relation to pristine ER. Furthermore, the height of mentioned peak increased by about 15% due to ATBN-21 incorporation, most probably to the high amine content of this latter. As already mentioned earlier, simultaneous reactions may occur with the curing agent which also contains amine groups.
The following reactions are expected to occur between the epoxy group, the hardener (amine) and reactive rubber (ATBN). Indeed, the primary amine of the curing agent will first react with the epoxy group of epoxy matrix and the amines of the polymeric modifier according to Scheme 1.
Then follows an additional reaction between the formed product and hardener primary amine and epoxide to yield a product with primary, secondary and tertiary amines (Scheme 2).
The same reaction takes place with the second epoxy group leading to more expanded structure. However, one should expect that, as the crosslinking of epoxy matrix and chemical reactions take place, the primary amine groups in amine adducts are converted to secondary and tertiary amines. Hence, the FTIR bands intensity of epoxy and hydroxyl groups should change taking into account the possible occurrence of other reactions such as hydrogen bonding.
The SEM micrographs were obtained from impact fractured samples near the crack tip surface and are used to explain the mechanism for adhesive properties improvement. As expected, the fracture surface of unmodified ER ( Figure 4A) deformations. Such typical micrograph features characterizes the brittle behavior of materials and are usually used to explain the low fracture energy values as well as low adhesive strength of unmodified epoxy systems. However, the fracture surface of ER containing 1 wt% nanobent ZW1 shown in Figure 4B is rather rough with the presence of plastic yielding within the polymer matrix. Compared to pristine epoxy micrographs (Figure 4A) , the fracture surfaces of the epoxy based nanocomposites exhibit considerably different morphologies and microstructures. Indeed, it is seen that nanoparticles are uniformly embedded in the epoxy matrix with significant yielding of this latter. It is well accepted that the occurrence of plastic shear yielding within the polymer matrix explains the increase of its mechanical and adhesive properties. The existence of rougher fracture surface observed upon nanoclays addition into the epoxy matrix was already reported in several investigations. Furthermore, it can be stipulated that a significant fracture surface roughness induced by the presence of nanoclays platelets makes the crack propagation more difficult as well as the distortion of the crack tip path more pronounced. Figure 5 shows the fracture surfaces with similar morphologies for ER samples containing 15 wt% ATBN-16 and 15 wt% ATBN-21. The composites fracture surfaces on either ATBN-16 or ATBN-21 present a quite flat surface with pronounced shear bands and small surface deformation. This kind of morphology is similar to that reported for ER modified with polyurethane having long flexible chains [23] . It is clearly A B confirmed that the addition of reactive liquid rubber to epoxy composites containing nanoparticles transforms a more rough and irregular morphology ( Figure 4 ) into a more regular and flat morphology with nevertheless some plastic deformations and shear bands. The micrographs of ternary hybrid epoxy nanocomposites containing both nanoclay ZW1 and ATBN-16 as well as that based on ATBN-21 are shown in Figure 6 . The fracture surfaces showed significant plastic yielding of epoxy matrix with delaminated and stratified structures, explaining thus the increase of the adhesive strength of the hybrid epoxy composites. It was shown in our previous study [24] that the incorporation of both nanoclay ZW1 and liquid reactive rubber (ATBN) led to significant improvement of impact strength, flexural strength and resistance to slow crack propagation. As already reported in previous investigations, the added liquid modifier promotes better intercalation of the polymer matrix chains into the nanoclay galleries [23, 25] . Moreover, it was also confirmed that the rubber particles which are responsible for the cavitations formation are associated with the plastic yielding of epoxy matrix. Similar results were reported by other researchers on the epoxy rubber toughening [26] .
The formation of such kind of nonhomogeneous morphologies is usually used to explain the improvement of mechanical and adhesive properties of the hybrid epoxy composites. We could add that the adhesive strength of epoxy systems might be significantly enhanced by suitable and effective surface treatments of nanoclays as already confirmed by a reported study [27] .
Conclusions
The following conclusions can be made from the obtained results: -The addition of nanoclays or polymeric modifier resulted in improvement of adhesive properties of ER. 
